Microtubules, a form of cytoskeletal protein, are tubular assemblies of α/β-tubulin heterodimer molecules that form rigid cylindrical filaments with diameters of 25 nm and lengths of tens of micrometers. Microtubules play vital roles in assisting mechanical events of a cell such as cell division and mass transportation - processes that are observed on up to the order of micrometers to tens of micrometers, depending on the cell size. Furthermore, microtubules have significant potential for showing flagellar swimming motility, cilia arrays wave propagation, and plant cell wall patterns over cell scales, on the order of tens to hundreds of micrometer length. In contrast, *in vitro* achieves unique motions and patterns with bending such as the ring-shaped assembly of microtubules, the dynamic vortex pattern, or active microtubule networks driven by integration with motor proteins[@b1][@b2][@b3][@b4].

Because of their geometrically determined structure and flexural rigidity, the bending properties of microtubule bundles have been widely researched from the perspective of materials science[@b5][@b6][@b7][@b8][@b9]. Furthermore, microtubule bundles on the large-scale tend to exhibit bending flexibility, structural stability for parallel orientation, and co-operability in forming patterns[@b10][@b11][@b12][@b13][@b14][@b15][@b16]. Actually, a flagellum, composed of a microtubule bundle and motor proteins succeeds in maintaining oscillation by using a periodic motion[@b17][@b18]. The fine motion is achieved by converting chemical energy, e.g., ATP into mechanical energy on a parallel microtubule bundle, which generates hydrodynamic flow. Focusing on the plastic deformation, the shape transformation of microtubule bundle under hydrodynamic flow is expected to be useful for constructing a well-oriented structure *in vitro*.

Here we introduce remarkable phenomena - that microtubule bundles are capable of bending flexibly under hydrodynamic flow to form teardrop pattern. This growth process precisely represents that straight rigid rods with a high-aspect ratio in parallel orientation are converted into a macroscopically-nonlinear structure with pattern formation. Differing from the dynamic behavior of microtubule bundles, driven by chemical energy with motor proteins in other published works, this teardrop patterns is driven by hydrodynamic flow without any other proteins. The bundles in parallel orientation are prepared on a gas-liquid interface by using the interfacial tension. A load of hydrodynamic flow is applied to the condensed microtubule bundles, causing accumulation of the streamed-line structure to bend ultimately, and also to break according to the critical curvature of microtubules. The growth mechanism, from the bundles to the teardrop pattern as a higher structure, is verified ([Fig. 1A](#f1){ref-type="fig"}).

Results and Discussion
======================

Microtubule samples for fluorescence microscopic observation were prepared between two glass slides under constant temperature (\~25°C) and simply-conditioned atmosphere. A thin liquid layer of microtubule (\~1.5 μL: 18 mm × 18 mm × \~5 μm) was prepared by placing a coverglass on a sample droplet on a slide glass ([Fig. S1A](#s1){ref-type="supplementary-material"}). Just after a coverglass was placed on a sample droplet, the solution roughly formed a cylindrical shape with circular base of 2--3 mm diameter ([Fig. S1B](#s1){ref-type="supplementary-material"} (*B~1~, S~1~*)). When the coverglass is subsequently lowered for spreading out the solution, the area of base reaches 18 × 18 mm^2^ ([Fig. S1B](#s1){ref-type="supplementary-material"} (*B~3~, S~3~*)). During this process, the shape of the sample solution would change according to the following equation:

Here, geometries of the cylinder: *V = πr*^*2*^*h, S = 2πrh, B = πr*^*2*^. *V*: volume of the solution (constant), *S*: area of side, *B*: area of base, *r*: radius, *h*: height. Referring to this equation, the initial change in the area of the side from *state 1 (B~1~, S~1~)* to *state 2 (B~2~, S~2~)* in [Fig. S1B](#s1){ref-type="supplementary-material"} is calculated, *S~2~/S~1~* = 1/9 \~ 1/6. This means that the area of the gas-liquid interface decreases significantly by lowering the coverglass. Simultaneously in the process of the height lowering, a bending limitation generates in the Z-direction, which induces the transformation in the XY-plane direction ([Fig. S2](#s1){ref-type="supplementary-material"}).

Just after the process from *state 1* (*h~1~* = \~500 μm) to *state 2* (*h~2~* = \~5 μm), parallel bundles were observed along the gas-liquid interface ([Fig. S1C](#s1){ref-type="supplementary-material"}). Besides, following bundles simultaneously flow from the center to the outside of the thin layer ([Fig. S1D](#s1){ref-type="supplementary-material"}). The flowing bundles were monitored, as shown in [Movie S1](#s1){ref-type="supplementary-material"}. The flow of the microtubule bundles could be easily observed in the direction perpendicular to the long axis of the microtubules. The microtubules apparently locate alongside the gas-liquid interface at initial state, and form bundles because of interfacial tension immediately after a coverglass is placed on a sample droplet (*state 1*, [Fig. S1A](#s1){ref-type="supplementary-material"}). The microtubules parallel orientation was also confirmed by cross-polars light observation ([Fig. S3](#s1){ref-type="supplementary-material"}). The hydrodynamic flow stopped within several tens of minutes after setting the samples between flat glass slides. As shown in [Fig. 1B](#f1){ref-type="fig"}, the microtubule bundles plastically bent while remaining in bundles[@b19]. The curved bundles formed a condensed pattern homogeneously over a large area on the order of millimeters. The curved bundles were \~100 μm wide (2*R*) in outer diameter and more than 200 μm long from top to tail and were teardrop shaped ([Fig. 1C](#f1){ref-type="fig"}). The patterns were stably maintained for more than one day. Furthermore, the center of the arc to the tail of the teardrop pattern was oriented in the same direction ([Fig. 1D](#f1){ref-type="fig"}).

The bundle flow was monitored to clarify the growth process of the patterns (Supporting [Movies S1](#s1){ref-type="supplementary-material"} and [S2](#s1){ref-type="supplementary-material"}). The patterns formed in about 20 min. Microtubule bundles in a flow perpendicular to the long axis typically bend through two steps into teardrop patterns. [Figure 2A](#f2){ref-type="fig"} shows the first step of the process (5--6 min. after the samples were set between the glass slides), and [Fig. 2B](#f2){ref-type="fig"} shows the second step (12--13 min. after the samples were set between the glass slides). In the first step, the parallelly oriented bundles integrally flowed to flexibly bend ([Fig. 2A](#f2){ref-type="fig"}, arrow 1). The microtubule bundles inhomogeneously bend under the hydrodynamic flow to form dense layers and more widespread layers ([Fig. 2C](#f2){ref-type="fig"}). The condensed bundles were pinned in an arbitrary position ([Fig. 2A](#f2){ref-type="fig"}, arrow 2) and formed the nucleus as a template for forming the teardrop patterns. In the second step, more bundles subsequently flowed to accumulate on the top of the nucleus. On the other hand, the microtubule bundles in a flow parallel to the long axis formed no patterns ([Supporting Information, Fig. S4](#s1){ref-type="supplementary-material"}).

[Figures 2D and E](#f2){ref-type="fig"} show a spatiotemporal diagram constructed from sequential line-up of dotted line in [Fig. 2A and B](#f2){ref-type="fig"}, respectively. The spatial points *α--δ* show the microtubule flowing through the gaps between the nuclei. In the first step, most of the bundles flow with bending and accumulate on the sides of a nucleus, which causes the gaps to narrow ([Fig. 2D](#f2){ref-type="fig"}). In the second step, the bundles flowed through gaps among the nuclei ([Fig. 2B](#f2){ref-type="fig"}, arrow 3). Besides, the gap continuously narrows and the number of flowing bundles decreases to zero ([Fig. 2E](#f2){ref-type="fig"}, and [Supporting Information, Fig. S5](#s1){ref-type="supplementary-material"}). The spatiotemporal analysis are summarized in [Fig. 2F](#f2){ref-type="fig"}. The flowed and accumulated bundles were traced on the plane perpendicular to the flow ([Fig. 2F](#f2){ref-type="fig"}, *y*-*t* plane). The temporal fluctuations in the first step were thus resulted in a stable spatial pattern in the second step.

The mechanism of the teardrop pattern formation can be described by the flexural rigidity of the microtubules ([Fig. 3](#f3){ref-type="fig"}). When the bundles flowed on the top of the teardrop, the curvature of the bundle tail increased, but it was still lower than the curvature of the teardrop top ([Fig. 3A](#f3){ref-type="fig"}, arrow 4 and [Fig. 3B](#f3){ref-type="fig"}, left). Consequently, the bundles accumulated on the nuclei, and the size of individual teardrop bundles increased. In contrast, when the bundles flowed in the gap between the teardrops, the curvature of the bundle front exceeded the critical curvature of the microtubules, 1/*R*\*, which resulted in the bundles breaking ([Fig. 3A](#f3){ref-type="fig"}, arrow 5 and [Fig. 3B](#f3){ref-type="fig"}, right). Thus, 1/*R*\* should be an important factor for teardrop pattern formation. According to the Bernoulli-Euler curvature and bending moment theory, the curvature (1/*R*) is related to the bending moment as follows:

Here, *EI* represents the flexural rigidity and *M*(*x*) represents the bending moment. The bending moment is described by the uniformly distributed load equation:

Here, *q* represents the load from the hydrodynamic flow, *l* represents the effective length of a microtubule bundle, and *x* represents the distance from the fixed cantilever point ([Supporting Information, Fig. S6](#s1){ref-type="supplementary-material"})[@b7]. When the moment reaches a maximum at the top of the teardrop, *i*.*e*., *M*(*0*) = *q1*^2^/2, *R* reaches a minimum value of *R\**. As shown in [Fig. 1B](#f1){ref-type="fig"}, *R\** at the top of the teardrop is critical (\~1 μm), enabling some bundles to maintain the curved structure while others broke (see [Supporting Information, Fig. S7](#s1){ref-type="supplementary-material"}).

To evaluate the effects of the concentration of microtubules on the formation of the patterns and the flexibility of the microtubule bundles, the curvature and effective bending of the microtubule bundles were analyzed. As shown in [Fig. 4](#f4){ref-type="fig"}, teardrop patterns were formed at a high concentration of microtubules. However, at a low concentration, the number of microtubules was insufficient to form bundles, and the microtubules broke into conventional straight pieces ([Figs. 4C and F](#f4){ref-type="fig"}). At a moderate concentration, the microtubules formed bundles, but each one separated at the edge of the bundles ([Figs. 4B and E](#f4){ref-type="fig"}). These results show that the flexibility of the microtubules in a bundle subjected to shear stress causes the bundle to bend plastically along its long axis. Although the bundles at the moderate concentration seemed to be in the process of forming patterns, the edges of the bundles remained in contact and their movement was thus hindered for a long period of time (Supporting [Movie S3](#s1){ref-type="supplementary-material"}). As the concentration increased, the bundle curvature 1/*R* increased ([Figs. 4G--I](#f4){ref-type="fig"}). At a high concentration of microtubules, the microtubules in the bundle apparently assisted each other to maintain their positions and reduce the shear strain. To estimate the effective length and the direction of the bundles, each bundle shown in [Figs. 4D--F](#f4){ref-type="fig"} was repositioned at the center axis ([Figs. 4G--I](#f4){ref-type="fig"}). As the concentration increased, the effective bundle length and the number of microtubules in each bundle increased. In addition, the direction from the top to the tail of the teardrop became increasingly oriented along the direction of hydrodynamic flow ([Supporting Information, Fig. S8](#s1){ref-type="supplementary-material"}).

In conclusion, teardrop pattern formation of microtubule bundles under a hydrodynamic flow has been discovered. The condensed microtubule bundles in the flow perpendicular to the long axis of the bundles bent to form a nucleus for the pattern on which the subsequent bundles accumulated to grow the pattern. The determining factor in the process appeared to be the critical curvature of microtubules, which depends on their flexural rigidity. The curvature radius of the teardrop nucleus, and that of the bundle breaking point around the gap between the nucleus, were shown to be of critical value. These facts indicate that macromolecules having a high-aspect ratio and an intrinsic flexural rigidity are capable of expressing unique patterns in fluid mechanical energy. Considering that the scale of the teardrop pattern is similar scale of the plant cell wall pattern or multicellular tissue built on microtubules, it could be assumed that physical information such as intrinsic flexural rigidity is an essential factor in determining building blocks in biological organization, as well as chemical information. Such protein pattern formation will provide a simple method of spatial control in novel soft material with hierarchical structures.

Methods
=======

Preparation of tubulin
----------------------

Highly concentrated piperazine-*N*,*N*′-bis(2-ethanesulfonic acid) (PIPES buffer) \[1 M PIPES-2K; 20 mM ethyleneglycol-bis(*β*-aminoethyl ether)-*N*,*N*,*N′*,*N′*-tetraacetic acid (EGTA); 10 mM MgCl~2~; KOH used to adjust pH to 6.8\] was used to purify tubulin from porcine brain[@b20]. Microtubule-associated proteins were removed using this protocol. The concentration of tubulin was determined using absorbance at 280 nm with an extinction coefficient of 115,000.

Preparation of rhodamine-tubulin
--------------------------------

Rhodamine-labeled tubulin was prepared using tetramethylrhodamine succinimidyl ester (Invitrogen) according to the method described in a previous study[@b21]. Rhodamine-tubulin was obtained by chemical crosslinking, and the labeling ratio was 1.2, which was determined by comparing the absorbances of the protein and tetramethylrhodamine molecules at 280 and at 555 nm, respectively.

Fluorescence microscopy observation of microtubules
---------------------------------------------------

Rhodamine-labeled microtubules were obtained by polymerizing rhodamine-tubulin and native tubulin (molar ratio: 0.5:99.5; \[tubulin\] = \~400 μM) in BRB80 buffer (80 mM PIPES-2K; 5 mM MgCl~2~; 1 mM EGTA; pH 6.8) with 1 mM guanosine-5′-triphosphate (GTP) at 37°C for 15 min. Samples were prepared for a given microtubule concentration by diluting the microtubule solution with BRB80 buffer, including 1 mM GTP. A thin liquid layer of microtubules (\~1.5 μL; 18 mm × 18 mm × \~5 μm) was prepared by placing a cover glass (18 mm × 18 mm) on a sample droplet on a slide glass (see Supporting Information [Fig. S1](#s1){ref-type="supplementary-material"}). The microtubules were observed using a fluorescence microscope (IX71, Olympus) with objective lenses (Olympus, UPLSAPO 10X/0.40; Nikon, Plan Apo 100X Oil/1.45) and an electron-multiplying charge-coupled device (EM-CCD) camera (Andor iXon+, AndorTechnology plc., Belfast, Northern Ireland) at room temperature (\~25°C).
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![Microtubule teardrop patterns with hierarchy.\
(A), Hydrodynamic-flow-induced hierarchization of microtubule bundles toward teardrop patterns. (B), (C), Fluorescence microscopy images of microtubules in thin layer at different scales. (D), Microtubule teardrop model for image C. 2*R*: width of teardrop; *r*: vector from arc center to tail of teardrop.](srep09581-f1){#f1}

![Growth of teardrop patterns, and spatiotemporal analysis.\
(A), (B), Time courses for formation of microtubule pattern for the first and second steps. Blue dotted line indicates direction perpendicular to hydrodynamic flow. *α*--*δ* represents fixed point on that line. (C), Schematic illustrating formation of microtubule pattern. Microtubule bundle bends under flow force to become nucleus for teardrop pattern (step I). Bundles curve along nucleus or flow through gaps (step II). Arrow indicates flow of microtubule bundles. (D), (E), Spatiotemporal pattern constructed from sequential line-up of dotted lines in A and B. Supporting [Movies S1](#s1){ref-type="supplementary-material"} and [S2](#s1){ref-type="supplementary-material"}. (F), Summary of spatiotemporal analysis.](srep09581-f2){#f2}

![Mechanism of formation of microtubule teardrop pattern.\
(A), Time courses for bundle accumulation (Arrow 4) and instance of bundle breaking (Arrow 5). See Supporting [Movie S1](#s1){ref-type="supplementary-material"}. (B), Schematic illustrating microtubule bundles accumulating along nuclei or breaking as they pass through gaps. Change in curvature of microtubules during accumulation (left) and breaking (right). 1/*R*\* represents critical curvature of microtubules.](srep09581-f3){#f3}

![Formation of microtubule pattern at several concentrations.\
Fluorescence microscope images (A--F). In terms of tubulin concentration: \~400 μM for the high concentration of microtubules (A, D); \~100 μM for the moderate concentration of microtubules (B, E); \~25 μM for the low concentration of microtubules (C, F). Each microtubule bundle shown in images (D--F) is centered at coordinate origin (G--I, blue lines), and *R* represents curvature radius determined from width of teardrop, 2*R* (G--I, red points). Scale bars = 10 μm (A--C); 100 μm (D--I).](srep09581-f4){#f4}
